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Abstract 
 
Glycerol is a side product of the biodiesel reaction and is being produced in ever-greater 
amounts. The Unit Operation Lab at WPI produces glycerol and biodiesel. While the biodiesel is used in 
other experiments, the current practice is to discard the glycerol byproduct. This project investigated 
options for utilizing glycerol including soap production, and purification by acid neutralization and 
electrodialysis. It was determined that a soap production procedure would need significant 
development, while purification by both methods is promising.  
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Background 
Biodiesel Production 
 
Since the industrial revolution, the world has had an energy-based economy. In order to sustain 
and preserve growth and maintain a standard of living, the economies of the world have required a source 
of energy. Historically this has been in the form of fossil fuels, ancient organic matter buried underground 
and transformed in just the right conditions. The first fossil fuels were coal, but this was soon followed by 
oil and its petroleum derivatives (1).  
Today, petroleum is still a major source of energy. While there is still debate on whether the world 
has passed peak production of petroleum or if significant reserves of sources are left to be found, 
increased concerns of sustainability and environmentalism brought on by the increased difficulty of 
precursor extraction and effects of greenhouse gas byproducts have ramped up societal demand for 
renewable energy sources (2). There is increased pressure on the science and technology sector to create 
a sustainable supply of energy to meet the demand of the residential, commercial, and industrial sectors, 
and to support the transportation of goods and services (3).  
As energy supplies change, economies must adapt or the underlying structure holding them up 
will collapse. Historically, economies have proved that adaptation is possible. During the Second World 
War, as petroleum supplies were cut off from Germany, they developed and adapted to coal gasification 
processes to support the transportation sector which required liquid hydrocarbons. The German military 
also relied on this change and adaptation to defend the extent of their holdings with land, air, and sea 
vehicles (1).  
Currently in the United States, 36% of all energy is sourced from petroleum, and 71% of that is 
used in transportation, where petroleum is almost exclusively the single source of energy (4). A significant 
portion of this is diesel, where it is used for the transportation of goods on road and rail. As economies 
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begin the transition to a more renewable basis of energy, it is important to continue to support these 
modes of transportation while developing new technologies. One particularly promising transitional 
source of energy for this sector is biodiesel.  
Biodiesel is a petroleum substitute made from triglycerides than can be found in organic material 
like animal fat, or vegetable oils. The overall chemical reaction involved is as shown below in Figure 1, 
where a triglyceride reacts with methanol to form biodiesel and glycerol, or glycerin. The removal of the 
triglycerides’ R-groups by the methanol occurs over a catalyst, commonly potassium hydroxide or sodium 
hydroxide.  
 
 
Figure 1: Overall reaction of triglycerides with methanol to form biodiesel and glycerol (5) 
While biodiesel has similar hydrocarbon structures as its petroleum counterpart, its shorter 
carbon chains allows it to release less carbon dioxide when combusted (6). Given its propensity to burn 
with less emissions, it has been heavily considered not just as an additive to existing petroleum fuels, but 
as a replacement. American diesel engines made after 1993 could run off biodiesel alone, the fuel source 
being known as B100 (7). With the annual increase in biodiesel production, it is apparent that the popular 
fuel source will overtake petroleum at some point in the future (6).  
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Figure 2: Monthly Production of B100 from January 2012. Given monthly fluctuations, demand of 
biodiesel sets its production, and its poor performance in colder temperatures limits its use. (6) 
Although biodiesel is a great replacement for petroleum, it has had several factors that have held 
it back from full market integration. The greatest drawback on biodiesel is that it has a lower freezing 
point than traditional petroleum. The cloud point, or temperature at which the biodiesel begins to have 
small crystals form making it cloud and becomes more viscous, ranges depending on which organic source 
went into making it. The pour point, or minimum temperature point at which the diesel will flow, shares 
a similar relationship (8). This makes using many forms of biodiesel more difficult in climates that have 
lower annual temperatures, and especially difficult during the winter seasons.  
Table 1: Cloud and pour points of several grades of biodiesel from different feed stocks. (8) 
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There is also the philosophical debate about using biodiesel feedstock as fuel rather than food. In 
some cases the feedstock is refuse vegetable oil or fryer oil from restaurants that would be refuse, but 
soybean, palm, and corn oil all come from plants that could otherwise feed people. This debate limits the 
amount of each feedstock that is available to be converted, limiting total production capabilities, and 
increasing its price (9). 
Two other drawbacks are that biodiesel sources are majorly dependent on climate and are 
therefore considered regional. A chemical plant converting biomass into biodiesel would be less likely 
found where there are no great supplies of feedstock, mainly from farms. Plants require transportation of 
resources, and their final product to the public for consumption. 
 
The Glycerol Side Product 
 
Produced in a 1:3 molar ratio and 1:10 mass ratio with biodiesel is glycerol. Glycerol is a polyol, a 
sugar alcohol, with three carbons and three hydroxyl groups. It is hygroscopic, meaning it can absorb 
water, and is also soluble in water. It melts at 17.8oC, boils at 290oC, and is viscous.  
 
Figure 3: The structure of glycerol 
In 1992, before the large scale production of biodiesel, glycerol was produced mainly as a side 
product of soap and fatty acid and fatty alcohol production. There was also a small synthetic glycerol 
market. 646 thousand metric tons of glycerol entered the market in 1992. In 2010, nearly 2.5 million 
metric tons of glycerol were produced, and the biodiesel sector was responsible for over 1.5 million metric 
tons. As a result of this shift, the soap industry in 2010 produced less than half the glycerol it produced in 
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1992, and there no longer is a synthetic glycerol industry. It has been predicted that by 2020, supply of 
glycerol will be six times that of demand (10).  
Table 2: Glycerol production since 1992 (10) 
Glycerol sources 
World glycerol production (x10^3 metric tons/year) 
1992 1995 1999 2003 2005 2006 2008 2010 
Soaps 208 208 198 188 167 146 125 83 
Fatty acids 271 292 313 333 396 438 479 521 
Biodiesel 0 42 42 167 375 521 1125 1583 
Fatty alcohol 83 104 125 104 125 167 250 250 
Synthetic 83 83 63 63 21 0 0 0 
Others 0 0 42 63 42 0 21 21 
         
Total 646 729 781 917 1125 1271 2000 2458 
 
The over saturation of the glycerol market has caused a significant price drop, and biodiesel 
production is only forecasted to grow in the future. It is important to find further uses for glycerol and to 
investigate cheaper and more effective ways to purify it. The overall biodiesel production process will be 
far more appealing if its side product can be sold at a profit. 
 
Glycerol Purification 
 
The glycerol phase resulting from biodiesel production is usually of low quality. The glycerol 
content itself is generally between 60-80 percent, and contains most of the unreacted methanol and the 
catalyst. It is a dark brown color. The glycerol that is used as a feedstock to processes is generally of very 
high concentration, with USP grade being between 96 and 99.5 percent. Kosher grade requires at least 
99.5 percent pure (10). Purification is a necessary step if the glycerol is to be sold, and there are several 
methodologies employed to achieve these high concentrations. 
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In order to make this glycerol useful for other processes, it must be cleaned. Both the remaining 
catalyst and methanol have adverse health effects, and must be removed with caution. The methanol can 
be removed through a series of ways, the easiest being rotary evaporation, given its extremely low boiling 
point compared to glycerol. Rotary evaporation has the advantage of easily removing any methanol 
quickly with little energy. This methanol should be pure enough to reuse in the biodiesel production 
process. Other methods of methanol removal can involve simply boiling off the methanol in a hot water 
bath, which takes longer.  
 
Acid Neutralization 
 
Two common catalysts used in the biodiesel conversion process are potassium hydroxide (KOH) 
and sodium hydroxide (NaOH). Both catalysts are initially dissolved into the methanol before the biodiesel 
production process, allowing a higher rate of reaction through catalyst dispersion. When the final glycerol 
and biodiesel phases are separated, the majority of the catalyst stays with the glycerol rich phase, which 
contains most of the methanol. Given that the methanol removal procedures mainly involve a form of 
boiling, most of the catalyst is left in the glycerol. The removal of the catalyst is critical for further 
processing of glycerol, given the negative health effects. The removal is a different and more difficult 
procedure than that of the methanol. 
Given that both catalyst options are chemically basic, they can be neutralized using any of a series 
of acids. Acids like hydrochloric acid are very effective when used in solution neutralization. The reaction, 
seen below, sees the acid and the catalyst, in this case KOH, react into salts and water. Many of the new 
salts that are formed have no adverse effects and allow for a larger variety of safe glycerol purification 
processes.  
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Figure 4: Neutralization of acids using potassium hydroxide 
 
Previous studies have investigated the effects of using different acids for this purpose. Nanda et. 
al. (28) have looked at the effects of three different acids; phosphoric, hydrochloric, and sulfuric; on the 
neutralization of a potassium catalyst. All three had a similar final outcome which was the neutralization 
of the catalyst and partial precipitation of the salts. However, there was significant differences between 
the three in the time it took to completely settle the resulting phases for physical separation. Using 
phosphoric acid resulted in a wait of just under an hour, while hydrochloric and sulfuric acids required 
settling times between five and fifteen hours. 
Neutralization via iodic acid results in the formation of the salt potassium iodate, which has a 
solubility of 1.9 parts per 100 parts glycerol (11). This is a very low solubility compared to many other 
potassium salts. It is therefore expected that using iodic acid will result in more precipitate forming, and 
less salt remaining in solution. 
 
Electrodialysis 
 
Catalyst salts invariably remain in solution after acid neutralization. A common way for removing 
salts from a liquid is a method known as electrodialysis. This separation technique has the liquid pass 
between ion-exchange membranes while under an electric field. The charged ions in the salt pass through 
the membranes, attracted by the opposite charge of the imposed electric field. This activity concentrates 
the salts into one liquid stream and leaves another liquid stream less concentrated and cleaner (12). 
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Figure 5: Internals of an Ion-Exchange Electrodialysis Unit (13) 
This can be applied to a glycerol-potassium salt mixture. Since glycerol is highly viscous and has a 
salt content higher than that normally seen in electrodialysis, it needs to be diluted with water first. The 
glycerol-water mixture can then pass through the ion-exchange membrane unit, the salts being 
concentrated into one stream, leaving another stream purified and free of salts. This creates a waste 
stream and a water glycerol solution as the product stream.  
 
Glycerol as a Feedstock 
 
Glycerol, now being mainly a byproduct of the energy industry, has been investigated as to how 
it may be kept in the same industry. Ethanol conversion has been of particular interest. Glycerol has a high 
carbon content compared to the traditional feedstock for ethanol, sugars. Several authors have 
investigated the use of Escherichia Coli for the anaerobic conversion to ethanol. Chaudhary et. al. have 
investigated a variety of conditions for the growth and use of a particular strain, MG1655 . Their findings 
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were that the fastest conversion occurred in a 10 g/L glycerol solution in water, maximizing at 110 hours. 
The presence of produced hydrogen negatively affected the process. 
LeGendre et. al. have designed a process involving this anaerobic fermentation. They found that 
with a price of 5 cents per gallon of crude glycerol and a price of $2.50 per gallon of ethanol, the process 
can be profitable. These prices are likely to continue to fall and rise, respectively, only increasing a 
profitability margin. The project has a capital cost of $100 million and a net present value of $95 million.  
Soap is also a possible sink for excess glycerol. It is often used as an ingredient in homemade-style 
soaps. It does not take part on actual cleaning, however, and is only a medium in which the actual cleaning 
agents are dissolved in. The reaction for creating the soap is as follows: 
 
Figure 6: Acid and base reaction to form soap 
 
The fatty acid feedstock in many formulas is vegetable oils, such as olive oil. This is then combined 
with potassium or sodium hydroxide. 
 
Loyola University Chicago’s Biodiesel Lab 
 
In 2007 Loyola University Chicago implemented a class that had the goal of developing real 
solutions to environmental problems. The subject of biodiesel was quickly identified and the class as a 
whole began to develop plans for an on-campus biodiesel plant. Since then, the plant has been built and 
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is run by students. The biodiesel sells for $4.00 per gallon, including all taxes. This is not currently cost-
competitive, as diesel prices in the Chicago metro area average $3.35 (14). 
In addition to creating and selling biodiesel, the class continues to develop the program and has 
created a process to use the glycerol byproduct as a feedstock for a hand soap. This liquid soap is made 
in a similar process as described above. The ingredients in the soap are water, glycerol, soybean oil, 
potassium hydroxide, isopropanol, and a proprietary fragrance. The soap sells for $15 per gallon. 
Depending on the performance and quality of the soap, this price point can be very competitive. The 
cheapest laureth-based soaps run at $15-20 per gallon, while specialty soaps made from vegetable oils 
can be in the $50 per gallon range (14). 
 
Glycerol in WPI’s Unit Operations Laboratory 
 
In Worcester Polytechnic Institute’s unit operations laboratory, biodiesel and glycerol are created 
as part of an undergraduate experiment in understanding reaction rates inside a reactor. The process is a 
stirred batch setup in a 500 mL vessel, using approximately 400 mL of vegetable oil and 100 mL of 
methanol. 1.8 grams of the potassium hydroxide catalyst is used to facilitate the reaction. After a time of 
about a half hour plus a settling time of a few hours, this creates two phases: approximately 400 mL of 
the biodiesel phase and 80-95 mL of the glycerol phase, which includes significant unreacted methanol, 
KOH, and any secondary organics.  
Prior to this study, the glycerol phase has been separated from the biodiesel phase and disposed 
of. The biodiesel is used for various other experiments. Recently, a cleaning process has been 
implemented where both phases are put in a rotary evaporator to remove the remaining methanol. The 
phases are then separated, and the biodiesel is run through a column of ion exchange resign which cleans 
the phase of catalyst and other impurities. The effectiveness of this process has not yet been quantified. 
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Chemical grade, purchased, glycerol is also used in another experiment in the Unit Ops lab. 10 
percent glycerol in water is fed to an evaporator unit which will partially vaporize the water and 
concentrate the glycerol to a range of 15-25 percent. It is of interest to determine whether the waste from 
the biodiesel process can be used as the feed stream for this process.  
 
WPI Expansion Possibilities 
 
 Using the Loyola model, WPI can aim to reuse and recycle its glycerol and biodiesel. This could 
either take the form of more formal experiments for laboratory classes or, like Loyola, the creation of a 
product that could bring income into the school or department. For either of these, the creation of a new 
laboratory exercise would come into effect. The biodiesel, once cleaned of methanol through rotary 
vacuum, is nearly ready to be sold as is. The glycerol product, however, is not in a condition to be used 
directly.  
 This report will look at what can be done with the glycerol product from the biodiesel laboratory. 
Recommendations will be made about the possibility of the implementation of a new lab procedure that 
could be added to core class curriculum; or as a side, student run production plant for glycerol based 
products. With results from a procedure utilizing electrodialysis, the aim for an upscale and its application 
is idealized to expand the chemical engineering department.  
Methodology 
Biodiesel Production  
 
Biodiesel is produced within the lab as a small scale experiment that monitors the reaction rate 
of the catalyst using glycerol samples taken throughout the reaction. This system uses two dual-jacketed 
reactors that have heating water pumped through their shells. The first reactor allows for the dissolution 
of the chosen catalyst, KOH, at 2.8 grams, into the methanol, at 100 mL, enabling maximum contact. This 
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solution is then added to 400 mL of canola oil in the second reactor and allowed to react to completion. 
It is here in the lab where samples are collected from the reactor over any pre-determined time interval.  
Although not following the reaction rate aspect of this laboratory, the same procedural steps were 
used. However, a higher temperature of 55oC was used for the circulatory heated water bath. This step 
was chosen to decrease the reaction time, and had no adverse effects on the final product of the 
biodiesel/glycerol mixture in comparison to the assigned lab’s results.  
 
Soap Production 
 
In the investigation of soap production procedures, the number of parameters that were adjusted 
remained minimal. The ingredients for the base generally followed the following structure, with parts by 
weight: 
1 part potassium hydroxide 
2 parts glycerol 
5 parts vegetable or olive oil  
Solid Soap 
 
To create the base, the glycerol was first heated to 100 C. This was accomplished in a beaker on a 
hot plate. The KOH was added to this and stirred until it completely dissolved. The oil would need to be 
preheated as well. This was done in the process vessel, for which a common cooking crockpot was used. 
This was heated to 80oC, which corresponds to the high setting on most crockpots.  
Once both materials were prepared, the glycerol was added to the vessel and mixed. The reaction 
was allowed to continue for 90 minutes. After this period, the material was extremely viscous. The 
material was then removed from the vessel and put in an appropriate container to cool. Eight to twelve 
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hours was generally enough to allow the product to set. Up to a week was required to allow for complete 
curing. 
Liquid Soap 
 
The liquid variety was made in an identical fashion up until when the solid was taken out of the 
vessel. Instead of removing it, it was left in. Water was added, in an amount three times the total weight 
of the soap. This mixture was then left to heat overnight. There the soap retained its liquid state, and 
didn’t suffer from losing water through evaporation.  
 
Potassium Titration 
 
Central to this study was the determination of the concentration of potassium hydroxide at 
several points. This was accomplished using an acid-base titration using hydrochloric acid as the 
neutralizing agent. The glycerol, glycerol and water solution, or biodiesel sample that was to be measured 
was added to approximately 50-100 mL of either isopropyl alcohol or water in a flask. Depending on the 
situation, one solvent worked better than the other, as explained in the results and discussion.  
A stirring plate and bar was used to keep the flask contents well-mixed. A small amount of 
phenolphthalein was added such that the contents would turn pink. Depending on the suspected 
concentration of potassium hydroxide, either 1.0, 0.1, or 0.01 molar hydrochloric acid was slowly added 
via a burette to ensure accuracy. It was assumed that the point at which the solution turned clear signified 
that all of the catalyst had been neutralized. At this point, bromophenol blue was added in a quantity 
sufficient to turn the contents a deep blue. More acid was added, and the point at which it turned yellow 
was assumed to signify the neutralization of all soap content. The two neutralization assumptions were 
made under advice from Dudadiesel, a seller of biodiesel production supplies (15). 
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Since both neutralization reactions are stoichiometrically 1:1, the number of moles of HCl added 
is equal to the number of moles of either potassium hydroxide or potassium soaps that were present in 
the solution. From this the concentrations can be determined in the following way: 
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾+ =  (𝑣𝑜𝑙 𝐻𝐶𝑙 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛) × (𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝐻𝐶𝑙) ÷ (𝑣𝑜𝑙 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑢𝑠𝑒𝑑) 
 
This calculation was done for both the catalyst and the soap by only using the volume of acid used 
in the corresponding step, and this yielded the concentration of potassium as catalyst or as soap.  
The concentrations were then be used to determine the mass of potassium hydroxide in the 
glycerol phase of one run of the biodiesel experiment: 
 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐾𝑂𝐻 = (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾+) × (𝑚𝑜𝑙 𝑤𝑡 𝐾𝑂𝐻) × (𝑣𝑜𝑙 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑖𝑛 𝑜𝑛𝑒 𝑟𝑢𝑛) 
 
To determine percent removals of a step, concentrations from the first equation were compared 
before and after the step: 
 
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = [(𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒) − (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟)] ÷ (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒) 
 
Acid Neutralization 
 
The goal of acid neutralization was to neutralize the potassium hydroxide, a base, and have the 
salt formed precipitate from the solution, ultimately to remove as much potassium as possible. As 
mentioned in the background, the general reaction is as follows: 
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Figure 7: General acid-base reaction for soap production 
Two acids were investigated in this study. Iodic acid was acquired in solid form, and 85% 
phosphoric acid, or 14.8 molar, was also used. These two acids were chosen for their propensity to 
precipitate out of the glycerol solution. While almost any acid could be used to for a salt, iodic and 
phosphoric acids based salts formed a salt that could be easily removed from solution. 
Two methods of administering the acids were tested. The acid neutralization was tested in only 
the glycerol, and again in a 20% by volume glycerol mixture, with the balance being water. Samples were 
first analyzed for potassium content via titration. Then the amount of acid required to react with all the 
potassium hydroxide was calculated. This was added to either the glycerol or the glycerol-water mixture 
and thoroughly mixed.  
Depending on the trial, different quantities of time were passed to allow for the reaction to occur 
and for a solid phase to form. In cases where the settling of the solid did not occur, resulting in a cloudy 
solution, the sample was subjected to centrifugation. After the process was completed, the supernatant 
was analyzed again for potassium content.  
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Electrodialysis 
 
Figure 8: Medimat® 5 as presented by Ionics Incorporated (13) 
As prescribed, electrodialysis is the removal of salts from liquids with the implementation of a 
charged membrane. This small scale electrodialysis system was developed by Ionics, Incorporated to give 
labs a sample experiment of possible projects. Although designed for these small scale tests, the 
Medimat® 5 is a viable system given the low quantities of glycerol that is produced in each run.  
Once set up, the Medimat® 5’s operation is fairly straightforward. The system draws streams from 
three reservoirs that consist of the product, waste, and electrolyte. The reservoirs are marked as product, 
electrolyte, and waste. Both supplies for the waste and product streams were the glycerol-water solution, 
while for the trial experiments a 0.1 N sodium sulphate electrolyte was used. The Medimat®5’s system 
has two instances of tubing into each reservoir. One draws the liquid from the reservoir to supply it 
through the system, while the other returns treated fluids. As the machine is allowed to run, 
concentrations of KOH in the product stream reduce, while they increase in the waste stream. The two 
stream are initially the same, to allow for a successful transfer of KOH via the electrolyte. Should the waste 
20 
 
stream not have the properties to accept the KOH, then the electrodialysis would not be successful. This 
points to the replacement of the glycerol-water solution in the future.  
The Medimat® 5’s pump is of simple design, and does not provide a substantial amount of force. 
With the idealized glycerol water solution, a dilution of the glycerol product could be made. This 
decreased the glycerol’s viscosity enough to run through the electrodialysis system.  
A cleaning and test run were each made with the Medimat® 5 before glycerol trials. The cleaning 
run was made using distilled water, and allowed to run for half an hour, to both hydrate the membrane, 
but also ensure no faults or leaking within the piping. A salt separation test was run afterwards, using the 
prescribed and given salt samples with the Medimat® 5 system. This test was to establish whether the 
Medimat® 5 system was operational, which was a concern, given the age and condition of the membrane.  
The “standard” desalting test required 50 mL of 0.1 N sodium chloride to be placed in both the 
product and waste containers. 50 mL of the electrolyte, 0.05 N sodium sulphate, was placed in the 
designated electrolyte container. The Medimat® 5 was then allowed to run for 27 minutes, where at the 
2 minute mark, the DC current was enabled, allowing a current to be detected through the salts in the 
product. Following the test directions, once a current of 100 mA was maintained, the separation was 
complete.  
Trials of the glycerol product were then used, with distilled water cleaning runs in between. Given 
the expected KOH in each run, the glycerol was diluted down to a 0.2 potassium salt concentration, on 
par with the salt in the desalting test. Each glycerol run used the 0.05 N sodium sulphate electrolyte, which 
was readily available, and again could be compared to the “standard” desalting test. Three runs were 
made using either neutralized or regular glycerol. Following the same procedure as the desalting test, the 
DC current was enabled after running the system for two minutes, and the current was monitored, where 
data was taken at two minute intervals. Once the minimal current was reached, again at 100 mA, the run 
was terminated.  
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At the end of each run, the product and waste streams were each titrated to check concentrations 
of potassium. The Medimat® 5 was then cleaned using distilled water. After the final run, the system was 
purged with distilled water, 0.1 N NaOH, water, 0.1 N HCL, then water again in that order. The membrane 
was removed, and stored in ten percent ethanol water mixture for future uses.  
Results 
 
Soap Production 
 
The results of the soap production were varied. The greatest determination of the soap quality 
was its base ingredient oil. The soap process was performed twice, and while using the same procedure, 
the base oil was changed. The initial run was made with olive oil. This soap created consistent hard soap, 
that easily took a mold, and once hardened, would maintain the overall shape. The liquid soap is very 
fluid, with a viscosity similar to traditional hand soap. Both forms, when used, cleaned effectively and 
produced a large numbers of bubbles. This soap leaves behind a thin oily film, and while not detrimental 
this is not the ideal feeling an individual would want on their hands.  
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Figure 9: Left column shows the results typical of olive oil-based soaps; the right column shows that of 
canola oil 
The canola oil soap production had a greatly differing results. The solid soap was considerably 
softer than the olive oil’s hard soap. While it is very malleable it can be considered ‘sticky’, being difficult 
to remove from its mold and any container or counter it is placed on, even after given a considerable time 
to harden. The liquid version of the canola oil soap leaves behind a two-phase mixture. The top layer is 
clearly a liquid similar in viscosity to what would be expected from soap. The bottom layer is essentially a 
solid, though over many minutes can be observed to be an extremely viscous liquid. The canola oil soap 
is an effective cleaner, but it also leaves behind an oily skin.  
Sodium hydroxide was also tested in equi-molar substitution for potassium hydroxide in the olive 
oil formula. The solid soap produced was harder and less sticky than its potassium counterpart. The liquid 
soap produced similar results to that in the canola oil trials. It was liquid of high viscosity, such that it can 
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be effectively called a solid. These results can be explained by the heavier sodium atom creating denser 
soaps.  
 
Acid Neutralization 
 
Neutralization of potassium hydroxide using acid began with testing its effectiveness in 100% 
glycerol phase. Solid iodic acid was mixed into the solution creating a single cloudy phase. Over the course 
of 24 hours, the appearance of the mixture did not change and was still homogeneous. This was 
unexpected behavior and the sample was centrifuged for an hour. This produced a precipitate white solid 
at the bottom. Some cloudiness remained. 
 
Figure 10: Results typical of a 100% glycerol acid neutralization trial with iodic acid 
Trials using phosphoric acid proceeded more quickly than that of the iodic acid trials. These trials 
did not appear to require centrifugation, as a comparable amount of precipitate formed. Centrifugation 
was tested, however, and did not appear to produce any further precipitate.  
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In trials for both acids, there was considerable need for mixing upon adding the acid, especially 
so in the case of the iodic acid. This, in conjunction with the need for a less viscous fluid in the 
electrodialysis trials, brought about trials of acid neutralization in a 20% by volume glycerol phase, with 
the balance water.  
In these trials, mixing was minimal. They also produced significantly different results in a shorter 
period of time. The discoloration, originally seen in the entire liquid, became confined to and concentrated 
in a very small top phase. This phase was so small that it did not form an entire layer, but rather a ring 
around the edge of the test tube. The majority of the result was in a clearer liquid phase. Trials with 
phosphoric acid produced a visually clear liquid, while discoloring remained in trials with iodic acid. In the 
case of the iodic acid, there was also a small solid phase formed from the precipitate. This solid phase did 
not exist in phosphoric acid trials, and therefore the salts remain entirely in solution. 
 
Figure 11: Results of 20% glycerol acid neutralization. Iodic acid on the left, phosphoric on the right. 
 
 
25 
 
Amounts of potassium as KOH and as soap removed are shown in the table below as percent 
removed. A full data table can be found in Appendix B.  
 
Table 3: Removal of Potassium through Acid Neutralization 
 as KOH (%) as Soap (%) Total (%) 
Iodic, 100% glycerol 94.0 84.5 91.2 
Iodic, 20% glycerol 100.0 99.9 100.0 
Phosphoric, 100% glycerol 99.4 78.7 93.1 
Phosphoric, 20% glycerol 98.1 98.1 98.1 
Electrodialysis 
 
 
Figure 12: Current readings over time of electrodialysis studies (mA) 
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Electrodialysis was first done with the desalting test using a 0.2 M sodium chloride solution, and 
proceeded according to the instructions included in the equipment manual both in the trend for the 
current and with respect to specific points mentioned.  
The manual noted that the desalting test should show a current at the beginning of approximately 
450 mA and after a few minutes of operation should reach a maximum of no more than 700 mA. A reading 
of 100 mA indicates the completion of a run after approximately 25 minutes. It was also noted that the 
test should proceed somewhat exponentially. All of these descriptors were mostly met by the test, 
showing that the unit and the membrane were working as expected by the manufacturer.  
When performing electrodialysis on both only demethylated and acid-neutralized glycerol, the 
process went much quicker than the desalting test. The potassium concentration in the 20 percent 
glycerol in water mixture was very similar to the concentration of sodium in the salt test. It should also be 
noted that the concentration of salt used in the test is similar to the expected concentration of KOH found 
in the glycerol after biodiesel conversion.  
A large factor to look at in the electrodialysis is the time it takes to remove the salt. The salt test 
takes approximately 25 minutes to perform, and suffer a time lag, shown by the increase then decrease 
in the mA readings. The trials with glycerol did not incur an initial increase in mA readings until reaching 
a maximum, but rather started there. This is mainly accounted for in the glycerol, and its interactions with 
the current and membrane. While it should act in a similar fashion as water within the system, given 
glycerol’s polar (-OH) bonds, but given its carbon backbone, is expected to have different results. These 
results are mainly seen in the time it takes to perform the electrodialysis and the lack of a maximum peak.  
In addition, the neutralized sample took longer to complete than the demethylated only sample. 
This may be due to additional, larger ions being introduced to the system, including phosphorus.  
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The following table shows the removal of potassium as KOH and as soap. Note that this only takes 
into account electrodialysis, and the potassium removed through acid neutralization is not included in the 
case of the neutralized glycerol. 
Table 4: Removal of Potassium via Electrodialysis 
 as KOH (%) as Soap (%) Total (%) 
Neutralized 89.7 71.4 84.4 
Untreated 100.0 99.9 100.0 
 
Scale up 
 
The total amount of glycerol phase created in the Unit Operations lab experiment, over the course 
of the class, is approximately 750 ml with 38 g of potassium hydroxide. This is approximately 0.68 moles 
of potassium hydroxide, and needs to be neutralized by an equimolar amount of either iodic or phosphoric 
acid. This would correspond to 119 grams of iodic acid or 46 ml of 85% phosphoric acid. If the 20% glycerol 
procedure is chosen, this would require 3 liters of water for a total volume of 3.75 liters.  
With the successes of the electrodialysis, the potential of scaling it up to a process that handles 
3.75 L of a 20% glycerol water mixture can be idealized. While the Medimat® 5 system was successful, and 
efficient at removing the KOH, it is not an efficient laboratory device. The Table 5 below shows at the 
requirements in membrane area necessary, and time it would take, to process the total quantities of 
glycerol that is produced in the lab. Using the results from the electrodialysis runs with un-neutralized 
glycerol, a ratio of membrane area to cleaning rate could be deduced.  
The total membrane area used was 97.6 in2, presented in the form of 5 layered sheets. Given that 
the Medimat® 5 is designed to process roughly 40 mL of product, and did so over a period of ten minutes, 
a ratio could be made. It takes 24.4 in2 to clean 1mL/min of glycerol. Using this relationship, the Medimat® 
5 could be assessed for cleaning the full 3.75 L of mixture produced.  
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As indicated in the Table 5, it would require a substantial amount of time to use the Medimat® 5 
system, given its low area. The second column represents the Medimat® 5, and should it process the full 
3.75 L, it would take 15.6 hours. Increasing the membrane area reduces the time substantially, but would 
mean a different electrodialysis unit were used. Given that case, the flow rate would change, and the 
speculated times for completion would decrease.  
The final row of the table below represents how many layers of the Medimat® 5 membrane would 
have to be present to obtain the desired area. Each layers’ dimensions are 6.5 inches by 3 inches, and 
using similarly sized layers results in an inordinately large number or required layers to create a membrane 
area to process the total produced mixture. This means an electrodialysis machine with larger membrane 
dimensions is needed altogether when looking at a scale up.  
 
Table 5: Analysis of membrane properties to process total mixture produced. 
Total Membrane Area (in^2) 24.4 97.6 122 244 366 488 610 732 
Flow Rate (mL/min) 1 4 5 10 15 20 25 30 
Time (hours) 62.5 15.6 12.5 6.3 4.2 3.1 2.5 2.1 
Number of Membrane Layers 1.3 5 6.3 12.5 18.8 25.0 31.3 37.5 
 
Electrodialysis power consumption is approximately 4 Watts on average for the separation 
voltage. This does not include power for the pump. This is a small amount of power and is not significant 
for pricing purposes with power at cents per kilowatt hour. 
Conclusions 
Soap Production 
 
A problem with all produced soaps is that they do not appear or smell very appealing. While this 
is expected, their fragrance does not even have the sensation of industrial grade cleaning products. When 
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using any form of either soap, the smell remains behind. The addition of small quantities of a concentrated 
citrus scent did not mask the smell effectively. It will require either a stronger odorizer, or more of it to 
overcome the soap’s aroma. While these are aesthetic issues, and do not affect the effectiveness of the 
soap, they would deter purchases.  
The lacking appeal of the soap at the early stages left it to be discontinued for further study. 
Although Loyola uses excess glycerol for soap production, they have both a greater supply of the side 
product, given their scale of biodiesel production, and have a better technique of masking the smell. 
Should the scale of biodiesel production increase at WPI, with greater quantities of excess glycerol 
available, the soap making process can be reassessed.   
 
Acid Neutralization 
 
Acid neutralization using iodic acid, though quantitatively effective, proved to be difficult. 
Although it did react and create an insoluble salt, it remained suspended as particulate in the liquid, 
particularly in the case of the non-diluted samples. The solution of centrifugation would not be effective 
for large amounts.  
Phosphoric acid performed much better than the iodic acid. The reaction occurred more quickly, 
even in the undiluted sample. This was unexpected as the phosphoric salt formed has been seen to be 
more soluble in glycerol than the iodic salt, and is lighter than the iodic salt. It was therefore anticipated 
that the iodic salt would settle out more easily than the phosphoric acid. Phosphoric acid is much cheaper 
and is simpler to use as it is in aqueous form. These properties make phosphoric acid a better choice. 
While it would be advantageous to maintain a nominally 100% glycerol concentration, acid 
neutralization in the viscous liquid does not perform as well as it does in a sample diluted in water, from 
both removal percent and from a procedural standpoints. It is therefore observed to be better to dilute 
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the sample, neutralize it, and then separate the glycerol from the water via distillation or other separation 
method to attain a pure glycerol content.  
 
Electrodialysis 
 
The Medimat® 5 unit performed as was expected by the documentation, despite concerns of the 
age of the membranes included with the unit. The membranes were also dried out, which was of concern 
as the documentation emphasized keeping the membranes wet during storage. The electrodialysis of the 
20% glycerol proceeded much more quickly than the standard salt test, likely due to smaller ions. The 
electrodialysis procedure for small amounts of glycerol can be completed in minutes. 
It is noted that electrodialysis of untreated glycerol performs better than treated glycerol in terms 
of percent potassium removed in the step. This is likely due to the fact that potassium has already been 
removed via acid neutralization, and so there is less to remove in the electrodialysis step. Electrodialysis 
does perform very well on its own, and if this procedure is to be used, it is unlikely that acid neutralization 
will be needed.  
However, electrodialysis produces a stream concentrated in potassium in addition to the purified 
stream, reducing the amount of glycerol produced. This tradeoff should be investigated by those 
considering to use electrodialysis in a process.  
Recommendations 
 
Electrodialysis produces a glycerol stream concentrated in potassium. In the experiments 
conducted for this report, this stream was produced in an approximately 1:1 ratio with the product 
stream. The effects of producing these streams in a different ratio should be investigated, so that less 
glycerol is wasted. 
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In the use of electrodialysis, a larger newer device should be acquired. If the glycerol refinement 
program is to be pursued at WPI for greater uses to byproduct glycerol, then the Medimat® 5 system is 
not an efficient one to use. It was designed for small scale use, and even though evidence was shown that 
it is effective in its removal over shorter than expected times, it still takes longer than many other 
electrodialysis devices are expected to. There is also the issue of the condition of the membrane. While it 
is fortunate enough that it was still in working condition for the trials that were run, its status will remain 
even more questionable now that it has been used, despite following proper cleaning and storage 
procedures. 
Following Loyola’s model, soap production can be an interesting addition to WPI. It would require 
a larger feedstock of glycerol, and it does not make fiscal or operational sense to use anything other than 
refuse glycerol from biodiesel production. Using pure glycerol as purchased removes the necessary steps 
of cleaning the glycerol, and the soap production process itself is very simple. With a larger feedstock of 
glycerol for larger quantities of soap production, proper odorizers can be found to adjust the soap’s 
qualities.  
Additionally, in future it may be a good idea to investigate the use of activated carbon for cleaning 
the glycerol in a later stage to remove small amounts of impurities and discoloring organics (16). This shift 
in the color of the soap would either make recoloring agents unnecessary or make it easier to give the 
soap an appealing color. This cleaning process might also minimize some to the odor on the soap, making 
it easier to sell. 
  
32 
 
 
References 
1. Becker, Peter W. The Role of Synthetic Fuel In World War II Germany. Airpower.com. [Online] Air 
University Review, July-August 1981. 
http://www.airpower.maxwell.af.mil/airchronicles/aureview/1981/jul-aug/becker.htm. 
2. When Will Oil Run Out. [Online] Institution of Mechanical Engineers, 2014. 
http://www.imeche.org/knowledge/themes/energy/energy-supply/fossil-energy/when-will-oil-run-out. 
3. Lin, Lin, et al. Opportunities and Challenges for Biodiesel Fuel. s.l. : Applied Energy, 2010. 
4. Annual Energy Review 2011. s.l. : U.S. Energy Information Administration, 2012. 
5. Vicente, Gemma, et al. Kinetics of Sunflower Oil Methanolysis. Madrid : Complutense University, 2005. 
6. Biodiesel. Alternative Fuels Data Center. [Online] U.S. Department of Energy, 09 04, 2014. 
http://www.afdc.energy.gov/fuels/biodiesel.html. 
7. Vehicle Technologies Program. s.l. : U.S. Department of Energy, 2011. 
8. Moser, B.R. Influence of blending canola, palm, soybean, and sunflower oil methyl esters on fuel 
properties of biodiesel. s.l. : Energy and Fuels, 2008. 
9. Biofules and the poor: Global impact pathways of biofuels on agricultural markets. Huang, Jikun, et al. 
4, s.l. : Food Policy, 2012, Vol. 37. 
10. Ayoub, Muhammad and Adbullah, Ahmad Zuhairi. Critical review on the current scenario and the 
significance of the crude glycerol resulting from biodiesel industry towards more sustainable renewable 
energy industry. Penang : School of Chemical Engineering, Universiti Sains Malasia, 2012. 
11. DOW Chemical. Solubility of Various Compounds in Glycerine. [Online] DOW Chemical. 
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_0032/0901b8038003228b.pdf?filepath=
glycerine/pdfs/noreg/115-00668.pdf&fromPage=GetDoc. 
12. Niroumand, Hamed, Nazir, Ramli and Kassim, Khairul Anuar. The Performance of Electrochemical 
Remediation Technologies in Soil Mechanics. s.l. : Internation Journal of Electrochemical Science, 2012. 
13. Medimat 5: Electrodialysis System for Laboratory Use. Watertown : Ionics, Incorperated. 
14. Loyola University Chicago Institute of Environmental Sustainability Biodiesel Program. Biodiesel 
Program. [Online] Loyola University Chicago. http://www.luc.edu/media/lucedu/sustainability-
new/pdfs-biodiesel/biodiesel-program-factsheet-2013.pdf. 
15. Titrating for Soaps in Biodiesel. DudaDiesel.com. [Online] Duda Energy LLC, 2008. 
http://www.dudadiesel.com/soaptitration.php. 
16. Glycerin Removal in Biodiesel Purification Process by Adsorbent from Rice Husk. Saengprachum, N, 
Poothongkam, J and Pengprecha, S. 6, s.l. : International Journal of Scientifit Engineering and 
Technology, 2013, Vol. 2. 
33 
 
17. Glycerol Purification. eetcorp.com. [Online] EET Corporation, 2011. 
http://www.eetcorp.com/heepm/glycerine.htm. 
18. A Method to deionize water and to recover the salt. Electrodialysis. [Online] PCA-GMBH. 
http://www.pca-gmbh.com/appli/ed.htm. 
19. Testing Unwashed Biodiesel for Soap. Biodiesel Tutorials. [Online] Collaborative Biodiesel Tutorial, 
2005. http://biodieseltutorial.utahbiodieselsupply.com/testingforsoap/. 
20. Biofuel Production 2010-19. Agricultural Outlook. [Online] OECD, 2010. 
http://www.oecd.org/site/oecd-faoagriculturaloutlook/biofuelproduction2010-19.htm. 
21. Monthly Biodiesel Production Report. s.l. : U.S. Energy Information Administration, 2014. 
22. Chicago, IL Lowest Diesel Gas Prices. GasPriceWatch.com. [Online] 2014. 
http://www.gaspricewatch.com/IL-illinois/Chicago/diesel-gas-prices/page-1/2.htm. 
23. Behr, Arno, et al. Improved utilisation of renewable resources: New important derivatives glycerol. 
s.l. : Green Chemistry, 2008. 
24. Chaudhary, Nida, et al. Biosynthesis of Ethanol and Hydrogen by Glycerol Fermentation Using 
Esherichia Coli. Advances in Chemical Engineering and Science. s.l. : Scientific Research, 2011. 
25. Allen, Stephen, et al. Analysis of Glycerin Using for the Empower Every Cooperative: An outlet for 
growth . Worcester : Wocester Polytechnic Institute, 2012. 
26. Ramli, Zatil Amali Che, et al. Recovery and Purification of Crude Glycerol from Vegetable Oil 
Transesterification. 2014 : Separation and Purification Reviews, 2014. 
27. Johnson, Duane T and Taconi, Katherine A. The Glycerin Glut: Options for the Value-Added 
Conversion of Crude Glycerol Resulting from Biodiesel Production. s.l. : Wiley InterScience, 2007. 
28. Nanda, MR, et al. Purification of Crude Glycerol using Acidification: Effects of Acid Types and Product 
Characterization. s.l. : Austin Publishing Group, 2014. 
29. Biodiesel Safety and best Management Practices for Small-Scale Noncommercial Use and Production. 
s.l. : Pennsylvania State University, 2008. 
30. Zhou, Chun-Hui, et al. Chemoselective catalytic Conversion of glycerol as a biorenewable source to 
valuable commodity chemicals. s.l. : Chemical Society Reviews, 2007. 
31. Zsigmond, Agnes, et al. Catalytic Dehydration of Glycerol under Mild Condition: An Environmentally 
Benign Acrolein Production. s.l. : Journal of Environmental Protection, 2010. 
32. Electrodialysis (ED) and Electrodialysis Reversal (EDR). s.l. : U.S. Department of the Interior Bureau of 
Reclemation, 2010. 
 
34 
 
Appendices 
Appendix A – MSDS  
 
35 
 
36 
 
37 
 
38 
 
39 
 
40 
 
41 
 
42 
 
43 
 
44 
 
45 
 
46 
 
47 
 
48 
 
49 
 
50 
 
51 
 
52 
 
53 
 
54 
 
55 
 
56 
 
57 
 
58 
 
59 
 
60 
 
61 
 
 
  
62 
 
Appendix B – Titration data 
 
 
 
 
Titration of Raw Glycerol Per 35 mL (one run)
as KOH as soap Total
M HCl used Sample mL mL to clear mL to yellow M KOH M Soap g KOH g KOH eq g KOH eq
Run 1 Iodic acid with water/isopropanol 1 10 7.1 2.8 0.71 0.28 1.3916 0.5488 1.9404
Run 2 Iodic acid with water/water 1 10 7.2 2.8 0.72 0.28 1.4112 0.5488 1.96
Run 3 Iodic acid without water 1 10 7 2.9 0.7 0.29 1.372 0.5684 1.9404
Run 4 Phosphoric acid with water 1 10 7.3 3 0.73 0.3 1.4308 0.588 2.0188
Run 5 Phosphoric acid without water 1 10 7.1 3.1 0.71 0.31 1.3916 0.6076 1.9992
Run 6 Phosphoric acid with water 1 10 7.4 3.1 0.74 0.31 1.4504 0.6076 2.058
Run 7 Phosphoric acid with water 1 10 7.2 3 0.72 0.3 1.4112 0.588 1.9992
Run 8 10 0 0 0 0 0
Run 9 10 0 0 0 0 0
Titration after acid neutralization 
M HCl used Sample mL Glycerol volfracmL to clear mL to yellow
Run 1 0.1 10 0.2 0 0
Run 2 0.1 10 0.1 0 0.3
Run 3 0.1 10 1 4.2 4.5
Run 4 0.1 10 0.2 0 0
Run 5 0.1 10 1 0.4 6.6
Run 6 0.1 10 0.2 2.1 2.6
Run 7 0.1 10 0.2 2.2 2.5
Per 35 mL (one run) Removed by acid
if 100% glyc phase as KOH as soap Total as KOH % remvl as soap % remvl Total % remvl
M KOH M Soap g KOH g KOH eq g KOH eq
Run 1 0 0 0 0 0 1.3916 100 0.5488 100 1.9404 100
Run 2 0 0.0003 0 0.000588 0.000588 1.4112 100 0.548212 99.89286 1.959412 99.97
Run 3 0.042 0.045 0.08232 0.0882 0.17052 1.28968 94 0.4802 84.48276 1.76988 91.21212121
Run 4 0 0 0 0 0 1.4308 100 0.588 100 2.0188 100
Run 5 0.004 0.066 0.00784 0.12936 0.1372 1.38376 99.43662 0.47824 78.70968 1.862 93.1372549
Run 6 0.0042 0.0052 0.008232 0.010192 0.018424 1.442168 99.43243 0.597408 98.32258 2.039576 99.1047619
Run 7 0.0044 0.005 0.008624 0.0098 0.018424 1.402576 99.38889 0.5782 98.33333 1.980776 99.07843137
Titration after ED
M HCl used Sample mL Glycerol volfrac mL to clear mL to yellow
Run 1
Run 2
Run 3
Run 4
Run 5
Run 6 0.1 10 0.2 1.1 1.3
Run 7 0.1 10 0.2 1.3 1.6
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Per 35 mL (one run) Removed by ED
if 100% glyc phase as KOH as soap Total as KOH % remvl as soap % remvl Total % remvl
Run 6 0.0022 0.0026 0.004312 0.005096 0.009408 0.00392 47.61905 0.005096 50 0.009016 48.93617
Run 7 0.0026 0.0032 0.005096 0.006272 0.011368 0.003528 40.90909 0.003528 36 0.007056 38.29787
Removed by both
as KOH % remvl as soap % remvl Total % remvl
Run 6 1.446088 99.7027 0.602504 99.16129 2.048592 99.54286
Run 7 1.406104 99.63889 0.581728 98.93333 1.987832 99.43137
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Appendix C – Medimat 5 manual 
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